The condition of oxidative stress arises when oxidant production exceeds antioxidant activity in cells and plasma. The overabundance of oxidants is mechanistically connected with the multifactorial etiology of insulin resistance, primarily in skeletal muscle tissue, and the subsequent development of type 2 diabetes. Two important mechanisms for this oxidant excess are 1) the mitochondrial overproduction of hydrogen peroxide and superoxide ion in conditions of energy surplus and 2) the enhanced activation of cellular NADPH oxidase via angiotensin II (AT1) receptors. Several recent studies are reviewed that support the concept that direct exposure of mammalian skeletal muscle to an oxidant stress (including hydrogen peroxide) results in stimulation of the serine kinase p38 mitogen-activated protein kinase (p38 MAPK), and that the engagement of this stress-activated p38 MAPK signaling is mechanistically associated with diminished insulin-dependent stimulation of insulin signaling elements and glucose transport activity. The beneficial interactions between the antioxidant α-lipoic acid and the advanced glycation end product inhibitor pyridoxamine to ameliorate oxidant stress-associated defects in whole-body and skeletal muscle insulin action in the obese Zucker rat, a model of pre-diabetes, are also addressed. Overall, this review highlights the importance of oxidative stress in the development of insulin resistance in mammalian skeletal muscle tissue, at least in part via a p38 MAPK-dependent mechanism, and indicates that interventions that reduce this oxidative stress and oxidative damage can improve insulin action in insulin-resistant animal models. Strategies to prevent and ameliorate oxidative stress remain important in the overall treatment of insulin resistance and type 2 diabetes.
Introduction
The long-term maintenance of blood glucose levels within a normal range is a key physiological function in mammalian species. One criterion for normal glucose homeostasis in humans is the maintenance of blood glucose levels below 100 mg/dl following an overnight fast. If fasting blood glucose rises above 100 mg/dl, but does not surpass 126 mg/ dl, these individual are considered to be "pre-diabetic". Moreover, if glucoregulation deteriorates further, and fasting blood glucose exceeds 126 mg/dl, these individuals can be diagnosed with frank diabetes [1] . The vast majority (90-95%) of diabetic cases are classified as type 2 diabetes, a condition hallmarked both by reduced action of the hormone insulin to activate the glucose transport system in skeletal muscle (referred to as "insulin resistance") and an inadequate compensatory hyperinsulinemia to overcome this insulin resistance [1] . This insulin resistance in skeletal muscle is a critical, early defect leading to the initial development of impaired glucose tolerance (reduced ability to dispose of an oral glucose load) in pre-diabetes and subsequently to the conversion from pre-diabetes to overt type 2 diabetes. Therefore, insulin resistance is a common metabolic impairment affecting individuals with either pre-diabetes (>57 million people in the United States) or overt type 2 diabetes, estimated to afflict ~24 million Americans and increasing [2] .
The foregoing observations underscore the need for understanding how normal glucose homeostasis is achieved in humans, and what specific defects can lead to impairments in the cellular and systemic mechanisms required for this homeostatic process. In this context, the present review will briefly cover how insulin action at the level of skeletal muscle contributes to the maintenance of normal blood glucose levels and will subsequently focus on the role of one important factor, oxidative stress, involved in the multifactorial etiology of insulin resistance of glucose transport activity in skeletal muscle. The discussion of oxidative stress in this review will be limited to a few selected cellular factors engaged by oxidants (including glycogen synthase kinase-3 (GSK-3) and p38 mitogen-activated protein kinase (p38 MAPK)) or that themselves are involved in the production of oxidants (angiotensin II (ANG II), and are mechanistically linked to the development of insulin resistance in skeletal muscle.
Brief overview of normal glucoregulation in mammalian species
Systemic glucose homeostasis is achieved by the coordinated functions of several organ systems, including skeletal muscle, the liver, the endocrine pancreas, adipose tissue, and specific hypothalamic neurons [3] . The liver contributes to glucoregulation primarily via appropriate alterations in hepatic glucose production. The adipose tissue is a site of insulindependent glucose disposal and also acts as an endocrine organ releasing adipokines. The pancreatic αand β-cells are the sites of the synthesis and secretion of insulin and glucagon, respectively. The hypothalamus functions in the neural regulation of these organ systems. While the contributions of these aforementioned organ systems are clearly of great importance to overall glucoregulation, the focus of this review will be on skeletal muscle, as this tissue represents the primary site of glucose disposal after a meal or during a bout of exercise [4, 5] . In this article, we will review 1) the regulation of the insulin-dependent glucose transport system in skeletal muscle under normal physiological conditions and 2) the dysregulation of this system caused specifically by oxidative stress that leads to diminished insulin-mediated glucose removal from the bloodstream, collectively termed insulin resistance. The glucose transport system in mammalian skeletal muscle is acutely regulated by the hormone insulin through a mechanism involving the sequential engagement of several intracellular proteins [for reviews, see refs. [6] [7] [8] [9] . Insulin binding to the α-subunits of the insulin receptor (IR) increases the receptor β-subunit tyrosine kinase activity, which can phosphorylate IR substrates (IRS; IRS-1 and IRS-2 in skeletal muscle). The tyrosinephosphorylated IRS proteins then interact with the SH2 domains of the p85 regulatory subunit of phosphatidylinositol-3-kinase (PI3-kinase) and activate the p110 catalytic subunit of PI3-kinase. The phosphoinositide moieties produced will then allosterically activate 3phosphoinositide-dependent kinases, which will subsequently phosphorylate Akt, a serine/ threonine kinase, at Thr 308 . In addition, insulin-dependent engagement of the mTOR complex 2 is associated with phosphorylation of Akt on Ser 473 [10, 11] . More recently, it has been shown that one target of Akt is AS160 (also known as TBC1D4), which contains a Rab-GTPase domain and has been shown to modulate the translocation of the glucose transporter protein isoform GLUT-4 to the sarcolemmal membrane [9, 12] . Once GLUT-4 is placed into the sarcolemma, glucose transport can occur via a facilitative diffusion process. It should be pointed out here that serine phosphorylation of IRS proteins via various insulinregulated serine kinases is a normal means by which the insulin signaling cascade mediates negative feedback control upon itself [13] . However, overactivity of these serine kinases is one mechanism for the induction or exacerbation of insulin resistance (see below).
Select mechanisms for overproduction of oxidants: mitochondrial dysfunction and overactivation of NADPH oxidase
Oxidative stress develops from an imbalance between oxidant production and antioxidant activity in cells and in the plasma. This overabundance of oxidants is associated with the multifactorial etiology of insulin resistance, primarily in skeletal muscle tissue [14] [15] [16] [17] [18] . Correlative evidence in humans indicates an association between plasma markers of oxidative stress and damage and the degree of insulin resistance [19, 20] . While many possible cellular sites exist for the overproduction of reactive oxygen species (ROS) implicated in this relationship between oxidative stress and insulin resistance, there is surprisingly little definitive evidence in the literature on this issue. There are numerous systemic and cellular dysfunctions that can potentially contribute to ROS overproduction (including hyperglycemia, dyslipidemia, endoplasmic reticulum (ER) stress, advanced glycation end-products (AGEs), nitric oxide synthase, and lipid peroxides) and may activate factors associated with reduced insulin action [reviewed in ref. 21 ]. In addition, increased carbonylation and nitrosylation of proteins in insulin-sensitive tissues may be mechanistically linked to the etiology of insulin resistance in various animal models [22] [23] [24] [25] [26] . However, a comprehensive discussion of all of these potential mechanisms is beyond the scope of this brief review. Two specific mechanisms of ROS production relevant to the etiology of insulin resistance, mitochondrial hydrogen peroxide (H 2 O 2 ) production and NADPH oxidase activation, are discussed in more detail below.
Mitochondrial H 2 O 2
One cellular site with a high capacity for the production of oxidants, such as H 2 O 2 , is the mitochondrion [27] . A recent seminal investigation provides convincing evidence demonstrating a mechanistic relationship between elevated mitochondrial oxidant production and insulin resistance in mammalian skeletal muscle under conditions of metabolic imbalance [28] . In skeletal muscle obtained both from rats made insulin-resistant by being placed on a high-fat diet and from insulin-resistant, morbidly obese human subjects, the potential for mitochondrial H 2 O 2 emission was enhanced, the redox state was more oxidized, and the redox-buffering capacity was diminished compared to that in skeletal muscle of the respective lean, insulin-sensitive control groups. In addition, treatment of high fat-fed rats with a cell-permeable small peptide antioxidant (SS31) resulted in attenuation of the excessive mitochondrial H 2 O 2 -emitting potential and prevented the development of whole-body and skeletal muscle insulin resistance. In mice in which the H 2 O 2 scavenger catalase was overexpressed specifically in skeletal muscle, the effect of the high-fat diet to induce insulin resistance was prevented [28] . Collectively, these results support the concept that excess mitochondrial H 2 O 2 production plays an important mechanistic role in the development of insulin resistance in skeletal muscle of individuals subjected to an energy surplus via increased dietary fat.
Cellular NADPH oxidase
The renin-angiotensin system plays critical roles in the normal regulation of several physiological processes, including blood pressure, cardiac mass and contractility, and fluid homeostasis [29] . Overactivity of the renin-angiotensin system is linked not only with the multifactorial etiology of hypertension, but is also known to be associated with the development of skeletal muscle insulin resistance and type 2 diabetes [29, 30] . ANG II, a distal element of this system, can bind to ANG II type 1 receptors (AT1R) in various cell types, including skeletal muscle [31, 32] and cardiomyocytes [33] , and activate NADPH oxidase, producing superoxide ions via a one-electron reduction of oxygen and the oxidation of NADPH. Evidence for a mechanistic role of NADPH-derived superoxide in ANG IIinduced insulin resistance comes from a study in cultured L6 myotubes, in which the effect of ANG II to impair insulin signaling and GLUT-4 translocation was prevented by the NADPH inhibitor apocynin [32] . Further information on the impact of oxidants on insulin action in mammalian skeletal muscle is presented below.
Recent findings on mechanisms underlying oxidant-induced insulin resistance in mammalian skeletal muscle

In vitro oxidant production: experimental approach to investigate oxidant-induced insulin resistance in isolated rat skeletal muscle
Over the last five years, we have utilized an in vitro approach, based on previous studies in cultured 3T3L1 adipocytes [34, 35] and L6 myotubes [36] , to investigate the potential cellular mechanisms underlying the deleterious effects of the oxidant H 2 O 2 on insulin signaling and glucose transport activity in mammalian skeletal muscle. This approach involves preparation of rat soleus muscle into strips that are suitable for in vitro incubations [37] . Subsequently, the enzyme glucose oxidase is added at specific concentrations in order to produce a constant target level of H 2 O 2 from glucose present in the incubation medium. Initial studies utilized 2 hr incubations with the addition of 100 mU/ml glucose oxidase, which produced H 2 O 2 at 60-90 µM [38] . In the absence of insulin, this concentration of H 2 O 2 induced an increase in basal glucose transport activity that was associated with increased engagement of insulin signaling factors (IR, PI3-kinase, and Akt), but was preventable with the PI3-kinase inhibitor wortmannin. The 2-hr exposure to this level of H 2 O 2 also increased activation of AMPK and p38 MAPK. Importantly, the selective inhibition of p38 MAPK with A304000 (which did not alter the oxidant-induced increases in AMPK or Akt phosphorylation) completely prevented the oxidant-induced increase in basal glucose transport activity in the isolated soleus, indicating a critical role of p38 MAPK in the action of H 2 O 2 on basal glucose transport [38] .
We have also investigated the impact of this 2-hr exposure to 60-90 µM H 2 O 2 on insulin action in isolated soleus muscle [39] . The oxidant caused a substantial loss of insulin stimulation of both proximal (IR tyrosine phosphorylation) and distal (Akt and GSK-3β serine phosphorylation) insulin signaling elements and of glucose transport activity. A longer exposure (4 hr) of isolated soleus muscle to this level of H 2 O 2 was associated with a selective loss of IRS-1 and IRS-2 protein, exacerbating the loss of insulin action in response to the oxidant stress [40] . Phosphorylation of Ser 307 on IRS-1 was also increased under these conditions. These findings are in agreement with other investigations showing that oxidant stress leads to increased IRS proteolysis [41] . Interestingly, the loss of IRS-1 (and the enhanced IRS-1 Ser 307 phosphorylation), but not of IRS-2, could be partially prevented when the oxidant-induced phosphorylation and activation of p38 MAPK was inhibited with A304000, and insulin-stimulated glucose transport activity was improved [40] . These results again underscore the important role of p38 MAPK in mediating the action of the oxidant stress, but in this case p38 MAPK is mediating the effect of H 2 O 2 to induce insulin resistance in skeletal muscle, consistent with previous findings in cultured muscle cells [36, 42] . While our data do indicate a role of p38 MAPK in the stimulation of basal glucose transport and in insulin-stimulated glucose transport activity, these effects of p38 MAPK may involve different p38 MAPK isoforms (α, β, and γ-isoforms exist in myocytes) and/or intracellular sites of action/signaling factors from the p38 MAPK isoform(s) mediating oxidant-associated insulin resistance in skeletal muscle.
Because of the potentially confounding effects of this exposure to H 2 O 2 (60-90 µM for 2-4 hr) on basal glucose transport in the interpretation of data on insulin resistance, we designed experiment conditions that eliminated alterations in basal glucose transport while still inducing insulin resistance. We have found that a 6-hr exposure to a lower degree of oxidant stress (30-40 µM H 2 O 2 produced by the addition of 50 mU/ml glucose oxidase) does not result in enhanced basal glucose transport, but does induce marked reductions in insulinstimulated Akt and GSK-3β phosphorylation and glucose transport activity [43] . Furthermore, this study provides more definitive evidence that an oxidant stress can directly induce insulin resistance in mammalian skeletal muscle via a p38 MAPK-dependent mechanism.
Related to this issue of the role of p38 MAPK in oxidant-induced insulin resistance in skeletal muscle, our collaborators from Mahidol University in Thailand have made the important observation that prior exercise training by rats attenuates the response of skeletal muscle to oxidant-induced activation of p38 MAPK and insulin resistance [44] . These findings are consistent with the concept that one mechanism by which endurance exercise training can enhance insulin sensitivity of skeletal muscle is via an enhanced capacity to resist the oxidant stress-associated activation of p38 MAPK that normally diminishes insulin action.
It should be noted that other stress-activated serine kinases may also contribute to the etiology of oxidant-induced insulin resistance in skeletal muscle [reviewed in ref. 21] . For example, c-jun N-terminal kinase (JNK) (specifically JNK1, one of three JNK isoforms that belong to the MAPK superfamily) can be activated by several inputs, including ROS and ER stress [21] , and JNK activity is elevated in tissues of obese mice [45] . Moreover, global knockout of JNK1 reduces adiposity in mice placed on a high fat diet and improves glucose tolerance and insulin sensitivity, supporting the connection between JNK1 and insulin resistance [45] . We have also found an important role of JNK activation in the mechanism of oxidant-induced insulin resistance in mammalian skeletal muscle [43, and unpublished data] . The serine kinase IκB kinase β (IKKβ) regulates the functionality of the redoxsensitive transcription factor NF-κB, leading to increased expression of various proinflammatory genes and impacting immune responses, cell survival, and metabolic regulation [21] . IKKβ is activated by ROS and ER stress [21] , and inhibition of IKKβ has been associated with improved insulin sensitivity [46] . However, unlike JNK, more definitive evidence is needed linking IKKβ mechanistically with impaired insulin signaling and reduced stimulation of glucose transport activity due to oxidative stress in skeletal muscle.
ANG II and oxidant stress-induced insulin resistance in isolated rat skeletal muscle
Several lines of investigation have demonstrated that excess ANG II action both in vivo and in vitro will induce a state of whole-body and skeletal muscle insulin resistance. Systemic administration of ANG II to normal rats will cause decreased systemic insulin sensitivity and reduced insulin-stimulated glucose transport activity in vitro in skeletal muscle [47] . TG(mREN2) rats, which overexpress the mouse renin-2 gene and display ANG II overactivity, are markedly insulin-resistant [48, 49] and this insulin insensitivity can be ameliorated by treatment with AT1R blockers [48, 50, 51] . Likewise, insulin resistance in obese Zucker rats can be enhanced by treatment with either an ACE inhibitor or an AT1R blocker [52, 53] .
Direct evidence for a role of ANG II in oxidant-induced insulin resistance has come more recently from in vitro investigations involving cultured muscle cells or isolated mammalian skeletal muscle preparations. As mentioned above, chronic exposure of cultured L6 myotubes to ANG II impairs IRS-1 tyrosine phosphorylation and Akt serine phosphorylation and reduces insulin-dependent GLUT-4 translocation, effects prevented by inhibition of NADPH oxidase [32] , by the superoxide dismutase mimetic tempol [51] , or by pharmacological inhibition or knockdown of NF-κB [51] . Moreover, we have recently demonstrated that chronic exposure of rat soleus muscle to ANG II also impairs Akt and GSK-3 signaling and induces insulin resistance of glucose transport activity [54] . Importantly, the ANG II-induced insulin resistance of glucose transport activity could be partially rescued by co-treatment with the free radical scavenger tempol [54] . Collectively, these investigations provide support for the concept that overactivity of the reninangiotensin system, in particular ANG II acting via the AT1 receptor coupled with NADPH oxidase, can mediate skeletal muscle insulin resistance, at least in part via a mechanism involving ROS. The potential role of NF-kB in linking NADPH oxidase-mediated ROS and insulin resistance in mammalian skeletal muscle is intriguing, and requires further investigation.
Interactions of the antioxidant ALA and the AGE inhibitor pyridoxamine in insulin resistance
The effectiveness of the antioxidant α-lipoic acid (ALA) to ameliorate oxidative stress and damage and improve systemic and skeletal muscle glucose disposal in conditions of insulin resistance in well documented in several investigative models [reviewed in refs. 18, 55, 56] , including 3T3-L1 adipocytes [57] [58] [59] , L6 myotubes [27, 60] , and isolated rat skeletal muscle [61] , various rat models of insulin resistance [22, [62] [63] [64] [65] [66] [67] [68] , and in type 2 diabetic humans [69] [70] [71] . ALA can reduce the formation of AGE, markers of oxidative damage that are associated with impaired insulin action in skeletal muscle [72] and with the development of diabetic complications [73, 74] . Pyridoxamine (PYR) is a compound that directly inhibits AGE formation [75, 76] , and chronic administration of PYR to streptozotocin-diabetic rodents [77, 78] or the pre-diabetic obese Zucker rats [79] , both models characterized by oxidative stress, will reduce tissue AGE and plasma triglycerides and improve renal function.
We have recently addressed the potential interactions of the antioxidant R-(+)-ALA (the Renantiomer of ALA) and the AGE inhibitor PYR on glucose tolerance, insulin sensitivity, and regulation of skeletal muscle glucose transport activity in the obese Zucker rat [25, 26] . After 6 weeks of systemic treatment, R-ALA and PYR alone or in combination lowered muscle protein carbonyls and urine conjugated dienes, both markers of oxidative damage. The combination of R-ALA and PM reduced fasting glucose, insulin, and free fatty acids in plasma and triglycerides in muscle and enhanced whole-body insulin sensitivity and insulinstimulated skeletal muscle glucose transport activity to a greater extent than with either compound individually [25] . These improvements in metabolic regulation in the obese Zucker rat were essentially maintained with more prolonged (22 weeks) treatments with R-ALA and PYR in combination [26] . Collectively, the results of these studies indicate that there are beneficial interactions between the antioxidant R-ALA and the AGE inhibitor PYR for ameliorating whole-body and skeletal muscle insulin resistance in pre-diabetic obese Zucker rats.
Role of oxidative stress in diabetic complications
In addition to its documented contributions to the etiology of insulin resistance and type 2 diabetes, oxidative stress has been implicated in the development of diabetic complications, including diabetic retinopathy, nephropathy, peripheral neuropathy, and cardiovascular disease. Specific cells types, including endothelial cells, in tissues susceptible to diabetic complications are unable to regulate intracellular glucose levels [80] , and hyperglycemiainduced overproduction of superoxide by the mitochondria in the microvasculature is an underlying feature of each of the diseases mentioned above [81] . Increased activity of local renin-angiotensin systems can also result in increased oxidative stress via AT1 receptormediated activation of NADPH oxidase in tissues susceptible to diabetic complications [82] . This overabundance of cellular oxidants and their contribution to diabetic complications are exacerbated by decreased expression of proteins that neutralize oxidants, including superoxide dismutase and catalase, in diabetes [83] . Oxidative stress and its downstream effects, including increased production and action of AGEs, alter gene expression, signaling pathways, and protein functionality leading to disruptions of normal cellular and tissue morphology and function [81] .
A more thorough explanation of the many and complex ways in which oxidative stress contributes to diabetic complications is beyond the scope of this review, and readers are referred to recent reviews of the role of oxidative stress in diabetic cardiovascular disease [84] [85] [86] [87] , nephropathy [88, 89] , retinopathy [90] , and peripheral neuropathy [91] . Treatment with antioxidants has been hypothesized to prevent or delay the development of diabetic complications. Despite the preponderance of evidence from animal studies supporting this hypothesis, large scale, prospective studies using antioxidant treatments in humans have been disappointingly inconclusive, likely due to issues with dosage and bioavailability of the antioxidants and other confounding factors [84, 92] .
Conclusions and perspectives
Results reviewed herein support the contribution of oxidative stress to the multifactorial etiology of insulin resistance in the whole body and specifically in the insulin-dependent glucose transport system in skeletal muscle. An overall mechanism for this oxidantassociated deterioration of insulin action in skeletal muscle is depicted in Fig. 1 . In this schema, oxidant overproduction can ensue from either enhanced engagement of NADPH oxidase through an AT1R-mediated event or from excessive mitochondrial oxidant production due to energy surplus (e.g., resulting from a high fat diet). These oxidants can then, at least in part through a p38 MAPK-dependent mechanism, impair the engagement of insulin signaling factors that regulate GLUT-4 translocation, ultimately reducing the capacity for insulin-dependent glucose transport activity in the myocytes. It should be emphasized that p38 MAPK is only one of many stress-activated kinases (including JNK, GSK-3, and potentially IKKβ) involved in the development of insulin resistance in skeletal muscle due to oxidative stress (Fig. 1 ).
Recent evidence in obesity-associated rat models of oxidative stress and insulin resistance also provides further support for the utility of interventions that reduce oxidative stress and oxidative damage for improving insulin action on whole-body and skeletal muscle glucose disposal. Antioxidant treatments in these animal models clearly mediate improvements in glucose tolerance and insulin sensitivity associated with enhancement functionality of the skeletal muscle glucose transport system. What has been more problematic has been the translation of these antioxidant intervention strategies to the effective treatment of insulinresistant states in human subjects. An important goal of future clinical investigations should be the development and implementation of antioxidant interventions with improved oral bioavailability targeted to the mitochondria in skeletal muscle, as this appears to be a critical site of oxidant overproduction in conditions of insulin resistance. Schematic representation of the overproduction of oxidants from NADPH oxidase and mitochondrial sources in mammalian skeletal muscle, with subsequent enhanced engagement of p38 MAPK and other stress-activated kinases, including JNK, GSK-3, IKKβ, and others, associated with diminished insulin-stimulated insulin signaling and reduced glucose transport activity.
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